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1.0  INTRODUCTION 


Progress  is  reported  for  the  past  year  of  an  interdisciplinary 
program  to  innovate  modern  diagnostic  techniques  applicable  to 
combustion  and  plasma  flows.  Re£ *arch  topics  Include:  (1)  digital 
flowfield  imaging,  including  temporally  and  spatially  resolved  species 
and  temperature  imaging  using  planar  laser-induced  fluorescence  (PLIF); 
(2)  quantitative  particle  imaging  in  spray  flames  using  planar  Mie 
scattering  (PMS);  (3)  quantitative  velocity  and  pressure  imaging  using 
variations  of  PLIF;  (4)  advanced  solid-state  camera /computer  systems  for 
high-speed  and  high-resolution  recording,  processing  and  display  of  flow 
image  data;  (5)  fiber  optic  absorption/fluorescence  sensors  employing 
tunable  UV,  visible  and  IR  laser  sources  for  species  measurements;  (6) 
laser  wavelength  modulation  spectroscopy,  using  rapid-scanning  UV, 
visible  and  IR  laser  sources,  for  absorption  and  fluorescence 
measurements  of  species,  temperature  and  absorption  lineshapes;  (7) 
plasma  diagnostics  utilizing  laser-induced  fluorescence  and  wavelength 
modulation  techniques;  (8)  laser  interactions  with  plasmas  and 
combustion  gases;  and  (9)  investigation  of  other  new  diagnostic 
concepts. 


2.0  PROJECT  SUMMARIES 

Included  in  this  section  are  summaries  of  progress  in  each  of  seven 
project  areas.  In  most  cases,  each  project  summary  contains  the  fol¬ 
lowing  subsections:  (a)  Introduction;  (b)  Scientific  Merit;  (c)  Status 
Report;  (d)  Publications  and  Presentations;  (e)  Personnel.  Additional 
descriptions  of  this  work  may  be  found  in  the  cited  publications  and  in 
our  previous  annual  scientific  reports. 

2.1  Digital  Flowfield  Imaging 
Introduction 

The  utility  of  flow  visualization  as  a  diagnostic  in  studies  of 
fluid  mechanics  and  combustion  is  well  established.  Until  recently, 
however,  most  visualization  techniques  have  been  qualitative  and  based 
on  1 ine-of-sight  approaches  poorly  suited  for  flows  with  three-dimen¬ 
sional  characteristics.  With  the  recent  development  of  laser-based  light 
scattering  techniques,  it  has  become  possible  to  obtain  spatially  and 
temporally  resolved  quantitative  records  of  flow  properties  throughout  a 
plane  (and  ultimately  throughout  a  volume)  using  sheet  illumination  and 
a  scattering  technique  such  as  Raman,  fluorescence  or  Mie  scattering. 
Such  multipoint  measurements  essentially  provide  "images”  of  the  flow- 
field  property  being  monitored;  as  these  images  can  be  recorded  on 
modern  solid-state  array  detectors,  coupled  to  a  computer  for  analysis 
and  display,  we  call  this  approach  "Digital  Flowfield  Imaging."  Work 
along  these  lines  is  now  in  progress  at  Stanford,  Yale,  SRI,  Sandia 
(Livermore)  and  the  Aeropropulsion  Lab  at  Wright  Field.  As  examples  of 
the  capability  of  these  new  methods,  in  our  laboratory  at  Stanford  we 
have  made  instantaneous  (8  nsec),  multiple-point  (10^  points)  measure¬ 
ments  of  several  species  (OH,  NO,  O2,  CH,  C2  and  Na)  in  a  variety  of 
laboratory  flames  using  planar  laser-induced  fluorescence  (PLIF),  and  we 
have  recently  initiated  work  to  provide  simultaneous  particle  size  and 
spacing  measurements  in  spray  flames  using  planar  (PMS).  The  sensitivity 
demonstrated  thus  far  for  molecular  species  is  in  the  10’s  of  ppm  range, 
with  spatial  resolution  typically  much  better  than  1  mm.  Of  equal 
importance,  we  have  recently  demonstrated  a  variation  of  PLIF  which 
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yields  temperature,  and  another  variation  which  should  enable 
simultaneous  measurements  of  pressure  and  velocity  (see  Section  2.2) 
without  particle  seeding.  These  new  techniques  provide  significant 
advances  in  measurement  capability  with  potential  scientific  Impact 
extending  well  beyond  the  field  of  combustion  for  which  the  methods  were 
originally  developed. 

Scientific  Merit 

Digital  flowfield  imaging  has  the  potential  to  stimulate  signifi¬ 
cant  scientific  advances  in  several  fields,  including  fluid  mechanics, 
combustion  and  plasma  sciences.  Our  research  also  contributes  to  the 
advancement  of  related  technologies,  such  as  lasers  and  image  pro¬ 
cessing,  and  it  adds  to  the  fundamental  data  bases  for  spectroscopy  and 
reaction  kinetics  of  high  temperature  gases  and  plasmas.  The  Stanford 
program  has  made  unique,  pioneering  contributions  to  flowfield  imaging, 
particularly  with  regard  to  conceiving  and  demonstrating  new  sensing 
strategies  for  the  flowfield  quantities  of  interest,  and  in  designing 
and  implementing  new  intensified  camera  systems  which  incorporate  recent 
advances  in  intenslfiers  and  array  detectors  interfaced  with  laboratory 
microcomputers. 

Status  leport 

Our  work  on  flowfield  imaging  has  been  detailed  in  a  series  of 
papers  and  reports  (see  list  at  end  of  this  section),  and  so  here  we 
f ocus  only  on  recent  activities.  For  convenience  and  clarity  we  provide 
separate  status  reports  on:  Species  Imaging,  Temperature  Imaging,  Spray 
Flame  Imaging,  and  System  Improvements. 


(a )  Speci_es_  Imaging_ 

Previously  we  have  applied  PLIF  to  visualize  OH,  Na,  NO  and  I2  in 
several  flows.  Recently  we  have  worked  to  develop  measurement  capability 
for  O2,  C2  and  CH,  as  we  discuss  briefly  below.  Molecular  oxygen  is  a 
critical  species  in  many  combustion  studies,  but  is  usually  considered 
to  be  inaccessible  by  optical  techniques  as  it  sbsorbs  strongly  only  in 


the  UV  below  200  nm.  In  addition,  fluorescence  is  known  to  be  weak  owing 
to  strong  predissociation  effects.  Two  factors  may  mitigate  this  conven¬ 
tional  viewpoint:  (1)  the  recent  development  of  high  energy,  tunable  UV 
and  VUV  laser  sources,  particularly  excimer  and  Raman-shifted  exclmer 
lasers;  and  (2)  the  fact  that  the  absorption  transitions  of  Interest  in 
characterizing  high  temperature  gas  systems  may  be  much  stronger  than 
the  (separate)  transitions  appropriate  for  monitoring  02  at  atmospheric 
conditions. 

Over  the  past  year  we  performed  a  literature  survey  to  familiarize 
ourselves  with  relevant  past  work,  and  we  developed  computer  codes  to 
allow  prediction  of  02  absorption  and  fluorescence  spectra  as  a  function 
of  temperature  and  of  excitation  wavelength.  The  calculations  are  com¬ 
plex  and  will  not  be  described  here,  but  in  summary  we  found  that  either 
an  ArF  exclmer  laser  at  193  nm  or  Raman-shifted  ArF  at  179  nm  should  be 
well  suited  for  detecting  02  over  a  range  of  temperatures.  Subsequently, 
we  moved  to  the  laboratory  and  are  now  ready  to  report  our  initial 
results.  Figure  1  provides  a  sample  Instantaneous  (10  nsec)  02  Image 
obtained  in  a  fuel-rich  CH^/air  flame.  We  believe  this  is  the  first 
digital  image  of  02  obtained  by  any  method  in  any  flowfleld.  Owing  to 
the  broad  Importance  of  02  in  aerodynamics  and  combustion,  we  regard 
this  as  a  particularly  Important  accomplishment.  Further  work  to  improve 
this  technique  is  in  progress,  and  at  the  same  time  we  are  investi¬ 
gating,  by  computer  calculations  with  our  02  spectroscopy  program, 
candidate  schemes  for  visualizing  temperature,  pressure  and  velocity 
based  on  02  fluorescence. 

Our  interest  in  imaging  CH  and  C2  stems  from  their  potential  for  in 
monitoring  the  Instantaneous  flame  position  and  thickness  in  gaseous 
diffusion  flames  and  in  burning  fuel  sprays.  The  status  of  the  work  is 
that  we  have  just  obtained  our  first  2-D  images  of  CH  and  C2  In  a 
variety  of  gaseous  and  spray  flames.  The  work  is  being  written  up  for 
presentation  at  the  forthcoming  Western  States  combustion  meeting. 

(  b  )  Temper at  ur e_  _Imagin£_ 

Temperature  is  a  parameter  of  obvious  Importance  In  characterizing 
reacting  flowflelds,  and  hence  a  scheme  for  quantitative  imaging  of 


IGH-REPETITION  RATE  EXCIMER  LASER  ENABLES  STUDIES  OF  FLAME  DYNAMICS 
Fig.  1  Approach  and  results  for  digital  imaging  of  0, 


temperature  would  have  broad  application  In  combustion  and  plasma- 
related  research.  An  Ideal  temperature  visualization  scheme  would  be 
sensitive,  easy  to  calibrate,  and  would  Involve,  for  simplicity,  only  a 
single  laser  source.  Although  laser-induced  fluorescence  has  been  demon¬ 
strated  for  single-point  temperature  measurements,  and  very  recently  (by 
Svanberg  et  al..  In  Sweden,  and  Cattollca,  at  Sandla)  for  multiple-point 
measurements,  these  workers  have  employed  two  laser  sources  and,  as  a 
result,  were  only  able  to  work  In  steady  flames.  Here  we  report  a  PLIF 
scheme  which  offers  several  advantages,  including  the  use  of  only  one 
laser  source. 

The  strategy  which  we  employ  is  to  seed  the  flow  uniformly  with  a 
non-reactlve  tracer  species  such  as  NO.  Assuming  linear  (non-saturated) 
excitation  using  a  spectrally  broad  (greater  than  the  absorption  line- 
width)  pump  laser,  with  broadband  fluorescence  detection  and  a  uniform 
laser  Intensity  distribution,  the  fluorescence  intensity  emanating  from 
a  point  In  the  flowfleld  is  given  simply  by 

Ip  -  C  nj  fvj  A/ (A  +  Q)  -  C  Xt  fyj/  /T  (1) 

where  C  represents  a  group  of  known  quantities,  nj  is  the  number  density 
of  the  absorber  1,  fy^  is  the  temperature-dependent  Boltzmann  fraction 
In  the  absorbing  state  (v,j),  and  A/A+Q  is  the  photon  yield  (fraction  of 
absorbed  photons  re-emltted  into  the  detection  bandwidth).  For  present 
purposes  we  assume  that  the  Einstein  coefficient  for  spontaneous  emis¬ 
sion,  A,  is  much  smaller  than  the  electronic  quench  rate,  Q,  and  that  Q 
may  be  represented  by  no  v  ,  where  n  is  the  total  number  density,  a  is 
an  effective  cross-section  and  v"  is  the  mean  molecular  speed  propor¬ 
tional  to  thus  A/A+Q  =  A/n a  v”  .  Under  conditions  where  a  may  be 
regarded  as  a  constant,  and  using  the  symbol  Xj  for  the  mole  fraction  of 
1  (l.e.,  nj/n),  we  obtain  Eq.  (1).  Thus  If  the  mole  fraction  of  1  is 
fixed  the  fluorescence  intensity  Ip  Is  a  known  function  of  temperature 
alone. 

This  approach  for  temperature  visualization  (see  Fig.  2)  has  the 
Important  advantage  of  requiring  a  single  excitation  wavelength  (and 


Fig.  2.  Excitation/detection  scheme  for  temperature  visualization  and  plot  of  fluorescence  signal 
(S)  sensitivity  to  temperature  for  three  transitions. 


hence  a  single  laser).  The  sensitivity  of  the  fluorescence  signal  to 
temperature  depends  on  the  quantity  fyj/  /T,  and  hence  the  lower 
level  quantum  states  v,j  (vibration,  rotation)  may  be  chosen  to 
optimize  the  signal  in  the  temperature  region  of  interest.  Calibration 
may  be  achieved  simply  if  the  temperature  is  known  at  any  flowfleld 
point  or  region.  Alternatively,  if  the  function  fyj/  /T  has  a  peak  value 
within  the  temperature  range  present  in  the  flowfield,  then  the  calibra¬ 
tion  factor  follows  directly  from  the  maximum  signal  observed.  This 
method  is  limited,  however,  to  flowflelds  where  the  double-valued  nature 
of  fVj/  /T  versus  T  Introduces  no  ambiguity.  In  general,  corrections  are 
needed  to  account  for  nonuniform  laser  illumination,  nonuniform  pixel 
responsivity  and  background  light  levels. 

A  sample  result  showing  the  temperature  contours  obtained  with  a 
single  laser  shot  (8  nsec)  in  a  rod-stabilized  flame  is  presented  in 
Fig.  3.  Here  premixed  CH^  and  air  at  atmospheric  pressure  flow  verti¬ 
cally  over  a  1.3  mm  diameter  horizontal  rod,  resulting  in  a  roughly  V- 
shaped  flame  stabilized  by  the  rod.  The  fuel  lean  (equivalence  ratio 
3  0.6)  mixture  is  seeded  with  approximately  2000  ppm  of  NO,  which  may 
be  regarded  as  non-reactive  for  these  conditions.  A  vertical  sheet 
(3  cm  x  0.2  mm)  of  laser  light  near  A  *  223.6  nm,  produced  by  mixing  the 
frequency-doubled  output  of  a  Nd :YAG-pumped  dye  laser  with  the 
residual  1.06  urn  beam,  is  used  to  excite  a  single  line  in  the 
A2E+(v*0)  +  X2n1/f2(v-0)  NO  band.  The  digital  images  of  the  fluores¬ 
cence  intensity,  emanating  from  a  10  mm  x  10  mm  region,  were 
processed  to  yield  the  temperature  contours  shown  in  Fig.  3.  For  this 
case,  obtained  using  the  Q j ( 22)  line  which  has  a  peak  in  the  function 
fyj/  /T  at  740K,  the  calibration  was  achieved  by  searching  for  the 
maximum  signal  (present  on  both  sides  of  the  rod)  and  setting  the  tem¬ 
perature  at  these  locations  at  740K.  Again,  use  of  different  v,j  states 
allows  some  flexibility  in  emphasizing  different  temperature  regimes. 

The  work  described  above  has  recently  been  published  (see  publica¬ 
tion  12  in  the  list  at  the  end  of  this  section).  Current  work  with 
temperature  imaging  is  directed  toward  refining  the  experimental  set-up 
and  procedures  for  this  constant  mole  fraction  approach,  extending  its 
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application  to  other  flows,  and  also  to  investigating  the  sensitivity  of 
the  NO  quench  rate  to  combustion  gas  composition  at  high  temperatures. 

(c)  Spra^  FI  ame_  Imag  ing_ 

During  the  past  year  we  initiated  work  to  establish  PLIF  and  planar 
Mie  scattering  (PMS)  techniques  in  evaporating  and  burning  fuel  sprays. 
He  regard  this  combined  development  of  PLIF  and  FMS  as  a  logical  exten¬ 
sion  of  our  past  effort  on  digital  flow  imaging.  Further,  the  develop¬ 
ment  of  such  capability  for  measurements  in  two-phase  flows  is  critical 
for  studies  in  practical  combustors  and  for  fundamental  research  on 
droplet  and  solid  propellant  combustion.  This  work  is  jointly  sponsored 
by  AFOSR  and  ONR. 

Thus  far  we  have:  (1)  completed  assembly  of  a  small-scale  spray 
combustion  facility;  (2)  set  up  a  laser  sheet  illumination  arrangement 
and  made  preliminary  photographic  and  digital  imaging  measurements  of 
Mie  scattering  to  characterize  our  spray  flame;  (3)  performed  Mie  scat¬ 
tering  calculations  to  aid  in  the  interpretation  of  the  FMS  measure¬ 
ments;  and  (A)  performed  initial  Imaging  experiments  of  OH,  CH  and  C2  in 
the  spray  burner  facility. 

A  schematic  diagram  of  the  approach  and  some  representative  PMS  and 
PLIF  results  for  a  burning  spray  are  shown  in  Fig.  A.  The  fuel  was  n- 
heptane,  flowing  at  a  rate  of  about  0.2  gallons/hr  from  an  air-atomizing 
siphon  nozzle  (Delevan),  and  the  size  of  the  region  imaged  was  about 
8  cm  x  8  cm.  In  addition  to  the  OH  image  shown,  we  also  have  obtained 
image  data  for  CH  and  C2.  To  our  knowledge,  these  are  the  first  species 
images  obtained  in  spray  flames.  The  laser  source  for  the  OH  imaging  was 
a  Nd :YAG-pumped  dye  laser  providing  10  nsec  bursts  of  tunable  radiation 
near  285  nm,  used  to  excite  individual  rovlbronic  transitions  in  the 
(1,0)  band  of  OH  *■  %)•  Pulsed  illumination,  freezing  the  flow  for 
the  IMS  imaging  of  the  spray,  was  provided  by  the  same  Nd :YAG-pumped  dye 
laser  operating  near  590  nm. 

The  significance  of  this  Initial  work  is  to  confirm  the  feasibility 
of  PLIF  and  PMS  recording  in  spray  flames.  With  regard  to  PMS  imaging 
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for  characterizing  the  spray.  It  should  be  noted  that  the  droplet 
spacing  (and  hence  density)  is  derived  immediately  from  the  locations  of 
illuminated  pixels.  The  next  step  is  to  demonstrate  that  the  intensity 
of  scattered  light,  imaged  onto  a  single  pixel,  can  be  used  to  infer  the 
size  of  the  droplet  Imaged,  and  work  to  Investigate  this  possibility  is 
now  in  progress.  Our  goal  is  to  establish  the  capability  for  simultan¬ 
eous  BIS  droplet  characterization  and  PLIF  measurements  of  key  species 
and  temperature  in  burning  sprays.  Such  new  capability  should  enable 
Important  advances  in  spray  combustion  research. 

(d)  System  Im£royements 

A  major  activity  during  the  past  year  has  been  to  begin  assembly  of 
two  second -generation  solid-state  camera  systems  and  a  facility  for 
processing  image  data.  In  our  early  work  on  digital  imaging  we  were 
forced  to  design  and  assemble  a  one-of-a-kind  intensified  camera  and 
display  system,  using  components  drawn  from  a  number  of  commercial 
sources  and  solving  a  number  of  interfacing  and  software  problems  on  our 
own.  This  system  was  suitable  for  demonstrating  feasibility  of  PLIF 
Imaging  in  a  variety  of  reacting  flows,  but  it  also  had  several  defi¬ 
ciencies  and  was  not  well  suited  for  adoption  by  user-oriented 
researchers  Interested  in  acquiring  similar  capability.  Uith  the  award 
of  a  DOD  equipment  grant  for  1984/85,  we  were  able  to  begin  to  upgrade 
our  system  and  to  capitalize  on  the  improved  performance,  availability 
and  compatibility  of  commercial  sub-systems. 

A  schematic  diagram  of  our  planned  image  acquisition  and  processing 
facility  is  shown  in  Fig.  5.  Items  not  yet  delivered  or  specified  are 
indicated  with  asterisks.  The  facility  is  housed  in  the  High  Temperature 
Gasdynamlcs  Laboratory  (HTGL)  at  Stanford  with  the  VAX-750  located  in 
the  HTGL  computer  center  and  the  three  camera  systems,  located  in  sepa¬ 
rate  laboratory  rooms,  will  be  linked  via  an  Ethernet.  The  VAX-750  will 
also  eventually  be  linked  via  Stanford's  own  network  (S.U.  Net)  to  other 
computers  and  image  processing  facilities  on  campus. 


Ether  Net 

To  S.U.  Net 


Specified,  Awaiting  Delivery 
*Not  Yet  Specified 


Fig.  5.  Schematic  diagram  of  Image  acquisition  and  processing  facility 
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For  purposes  of  this  discussion,  we  consider  the  facility  to 
consist  of  three  components:  detector  arrays;  dedicated  microcomputers 
for  camera  control,  data  acquisition  and  preprocessing  of  data;  and  the 
central  Image  processing  computer.  Key  characteristics  of  these  comp¬ 
onents  and  arguments  for  the  specific  items  selected  are  given  below. 

The  selection  of  the  VAX-750  as  the  image  processing  computer  was 
prompted  primarily  by  arguments  of  cost,  compatibility  with  other  com¬ 
puters  on  campus,  and  availability  of  peripherals  and  software  for  Image 
processing,  display  and  output.  We  were  able  to  acquire  a  complete  new 
VAX-750  system  for  only  $60,000,  and  to  this  we  plan  to  add  an  array 
processor  for  fast,  efficient  processing  of  Image  data.  The  large  number 
of  VAX  systems  on  campus  Including  several  used  for  Image  processing 
applications  will  result  In  shared  expertise  and  software  and  a  guaran¬ 
teed  connection  to  the  S.U.  Network.  Other  research  groups  active  In 
combustion  research  and  flow  Imaging,  Including  nearby  Sandla  Laborator¬ 
ies  (Livermore)  also  employ  VAX  systems,  and  we  expect  to  benefit  from 
exchanges  of  Information  and  software  from  these  groups  as  well. 

Our  goals  for  the  solid-state  cameras  were  to  Improve  performance 
and  ease  of  operation.  Key  performance  parameters  are  noise  level, 
spatial  resolution  and  repetition  (framing)  rate.  We  opted  for  two 
separate  systems,  one  with  low  noise  and  high  spatial  resolution,  and 
one  with  programmable  framing  rate  capability.  (We  call  the  former  the 
High  Resolution/High  Dynamic  Range  System  and  the  latter  the  Programm¬ 
able  High  Speed  System.)  The  virtues  of  the  low  noise  system  are  evident 
In  Fig.  6  which  plots  signal-to-nolse  ratio  versus  input  photons  per 
pixel  (l.e.,  the  "signal")  for  five  separate  arrays:  Intensified  and 
unintensif led  Retlcon  arrays,  ((100  x  100)  or  (128  x  128)];  two  cooled 
CCD  arrays  (Thomson,  384  x  576),  one  with  a  standard  amplifier  and  one 
with  a  special  low-noise  amplifier;  and  a  commercially  available,  high- 
framlng-rate  solid-state  camera  sold  by  Spin-Physics.  The  dashed  line  Is 
the  theoretical  performance  limit  set  by  shot  noise  statistics.  The 
right-hand  boundary  of  the  curves  (at  2.5  x  10^  photons/pixel  for  the 
Retlcon  array  and  1.0  x  10^  for  the  Thomson  CCD  array)  are  saturation 
levels  beyond  which  the  system  becomes  nonlinear. 


i  1281 


Fig.  6.  Signal/noise  ratio  versus  Illumination  (in  photons/pixel) 
for  four  array  cameras. 


We  see  that  the  High  Resolution/High  Dynamic  Range  System  (based  on 
the  Thomson  CCD  with  a  "standard"  amplifier)  offers  superior  S/N  over 
the  Programmable  High  Speed  System  (based  on  an  intensified  Retlcon  128 
x  128)  for  light  levels  above  200  photons  per  pixel.  The  curves  plotted 
are  a  reminder  that  if  we  seek  a  high  S/N  to  enable  detection  of  small 
changes  in  flowfleld  properties,  it  will  be  necessary  to  perform  experi¬ 
ments  with  light  levels  near  their  saturation  values.  At  saturation,  the 
cooled  CCD  will  yield  a  maximum  S/N  of  1000  while  the  intensified 
Retlcon  and  Spin-Physics  cameras  are  limited  to  about  100,  with  the 


Spin-Physics  camera  requiring  a  substantially  higher  illumination  level 
to  reach  its  maximum  S/N.  He  regard  the  improved  performance  of  the  Hi 
Res/Hl  Dynamic  Range  System  as  critical  for  many  experiments ,  for 
example  in  turbulence  studies  where  it  may  be  essential  to  detect  small 
changes  in  signal  level.  As  can  be  seen  in  Fig.  6,  the  CCD  system 
equipped  with  a  custom  low-noise  amplifier  actually  outperforms  the 
intensified  Reticon  at  all  light  levels,  and  it  is  unintensified,  which 
offers  significant  cost  and  operational  advantages.  The  Spin-Physics 
system  is  seen  to  have  consistently  inferior  performance  over  the  Illu¬ 
mination  level  range  of  Interest.  The  CCD  array  cryogenics  system  and 
camera  controller  were  purchased  as  a  packaged  system  from  Photometries 
and  are  now  undergoing  set-up  and  testing  in  our  laboratory. 

In  addition  to  the  S/N  advantages  of  the  CCD  system,  the  array 
architecture  and  camera  controller  appear  to  offer  important  advantages 
for  analog  processing  (averaging)  of  pixel  groups,  and  "scrolling"  and 
“tracking**  of  data  between  exposed  and  unexposed  pixels  for  fast,  burst¬ 
mode  recording  of  multiple  exposures  on  a  single  frame.  In  this  mode  of 
operation,  the  array  acts  much  like  a  role  of  electronic  film  capable  of 
storing  several  Images.  (Actually,  the  architecture  is  a  double  array, 
38A  v  576  +  38A  x  576,  which  provides  capacity  for  “buffer"  storage  of 
data.)  In  contrasting  a  CCD-based  system  to  an  intensified  Reticon 
system  the  primary  disadvantages  are:  the  need  to  Interface  the  CCD 
camera  to  its  dedicated  microcomputer,  since  this  has  not  been  done 
previously;  the  lack  of  ultraviolet  sensitivity  with  CCD  detectors;  and 
the  low  framing  rate  (~10  sec/frame)  required  to  achieve  ultra-low-noise 
performance  with  the  CCD  system. 

At  the  present  time  we  are  working  on  the  problem  of  Interfacing 
the  CCD  camera  to  the  IBM  PC/AT  microcomputer,  and  we  are  carrying  out 
tests  to  characterize  the  performance  of  the  camera  system.  He  believe 
this  work  is  of  Interest  to  seversl  groups,  and  so  our  results  are  being 
written  up  for  distribution  as  a  technical  report.  To  provide  the  CCD 
system  with  ultraviolet  viewing  capability,  we  are  investigating  coating 
the  detector  with  a  material  that  absorbs  ultraviolet  radiation  and 
reemlts  fluorescence  radiation  in  the  visible;  such  materials  are  known 
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as  "waveshifters** .  As  an  alternative,  we  are  Investigating  recently 
developed  virtual-phase  arrays  which  appear  to  be  sensitive  to 
wavelengths  as  low  as  160  nm. 

Our  decision  to  proceed  in  parallel  with  a  programmable  high-speed 
intensified  Reticon  camera  (128  x  128)  was  based  in  part  on  our  previous 
experience  with  such  an  array  and  the  Improved  availability  of  packaged 
system  components  from  Mlcrotex,  a  vendor  which  has  produced  buffer 
memory  and  camera  controller  system  components  for  us  in  the  past. 
Mlcrotex  now  markets  a  complete  system  (including  everything  in  the 
dashed  box  in  Fig.  5  labeled  Programmable  High  Speed  System),  which 
relies  heavily  on  our  experience  at  Stanford.  The  system  components 
acquired  from  Mlcrotex  are  similar  to  those  now  on  order  by  (or  deliv¬ 
ered  to)  other  groups  at  Volvo,  UTRC,  GM  Research  Labs  and  Yale  Uni¬ 
versity,  and  will  enable  programmable  trade-offs  between  framing  rate 
and  the  number  of  pixels  up  to  a  rate  of  2  kHz. 

With  regard  to  the  dedicated  microcomputers  for  each  camera,  we've 
opted  for  the  new  DEC  Micro-Vax  with  the  Programmable  High  Speed  System, 
since  Mlcrotex  will  be  basing  its  newest  system  on  that  computer,  and 
we 've  selected  the  IBM  PC/AT  because  of  its  high  performance/cost 
figure,  the  expected  wide  availability  of  peripherals  and  software  for 
the  machine,  and  the  potential  for  cooperation  with  Photometries  to 
develop  a  packaged,  advanced  performance  camera  system  interfaced  with 
the  PC/AT. 

Finally,  we  should  note  one  other  system  Improvement  made  during 
the  past  year,  namely  the  installation  and  testing  of  our  new  250  Hz 
exclmer-pumped  dye  laser  system  which  will  serve  as  a  high-repetition- 
rate  source  for  imaging.  We  found  that  the  laser  system  delivered  met 
our  specifications  for  power  and  repetition  rate,  but  the  beam  quality 
was  not  suitable  for  laser  sheet  illumination  work.  Accordingly,  we 
recently  Installed  unstable  resonator  optics  on  the  exclmer,  and  this 
change  seems  to  produce  the  desired  uniform  sheet  beam  at  308  nm.  In 
order  to  generate  satisfactory  sheet  beams  at  193  nm  (ArF),  needed  for 
our  work  on  O2  imaging,  we  employ  specially  coated  mirrors  and  lenses 
external  to  the  laser. 
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2*2  Telocity  and  Pressure  Jaaging 
Introduction 

Velocity  measurements  provide  essential  input  for  many  fundamental 
and  applied  fluid  mechanics  studies.  At  present,  hot  wire  anemometry  and 
laser  Doppler  anemometry  are  the  most  commonly  used  techniques.  Both 
methods  have  advantages  and  disadvantages,  but  in  particular  they  are 
single-point  diagnostics.  Clearly,  a  technique  yielding  simultaneous 
multiple-point  velocity  data  would  represent  a  significant  diagnostics 
contribution  and  could  stimulate  important  advances  in  many  areas 
involving  fluid  flow. 

Our  effort  in  this  area  was  prompted  in  part  by  our  success  in 
imaging  species  at  multiple  points  in  a  flow  (see  Section  2.1)  and  the 
growing  recognition  that  combinations  of  flowfleld  quantities  (e.g., 
species,  temperature  and  velocity)  may  eventually  be  needed  to  test 
advanced  flow  models.  Accordingly,  in  1982  we  initiated  a  new  effort  to 
"image  velocity",  i.e.  to  measure  velocity  at  a  large  number  of 
spatially  resolved  flowfleld  points  leading  to  a  computer  display  of 
velocity.  Recently,  within  the  past  six  months,  we  have  conceived  three 
important  improvements  in  our  velocity  imaging  scheme:  one  idea  promises 
to  enable  simultaneous  imaging  of  pressure,  with  great  significance  for 
supersonic  flow  studies;  the  second  idea  will  allow  Improved  velocity 
resolution;  and  the  third  idea  concerns  the  possible  use  of  Oj  as  the 
molecular  velocity  indicator,  thereby  eliminating  the  need  to  use 
corrosive  or  toxic  tracer  species.  We  continue  to  believe  that  this 
general  area  of  research  holds  still-untapped  promise  for  diagnostics 
advances. 

Scientific  Merit 

The  Importance  of  velocity  as  a  fluid  flow  parameter  is  obvious,  and 
so  innovation  of  an  improved  velocity  diagnostic  offers  broad  potential 
for  improved  scientific  understanding  of  fluid  flows.  A  successful 
diagnostic  for  combined  pressure  and  velocity  imaging  would  represent  a 
sufficiently  large  advance  in  measurement  capability  as  to  enable  first- 
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time  observations  of  various  flow  phenomena  and  possible  discovery  of 
unexpected  features.  The  Stanford  effort  Is  currently  the  forefront 
activity  on  fluorescence-based  velocity  imaging  In  the  world.  To  our 
knowledge  there  have  been  no  previous  imaging  measurements  of  pressure. 

The  concept  receiving  our  primary  attention,  which  is  based  on  the 
velocity  modulation  (Doppler  shift)  of  molecular  absorption  lines, 
offers  prospects  for  a  significant  improvement  over  conventional  laser 
Doppler  (particle  seeding)  anemometry  for  supersonic  flows,  flows  near 
surfaces  (boundary  layers)  and  flows  with  high  acceleration  or  decelera¬ 
tion  where  particle  lag  is  a  serious  problem.  Furthermore,  multiple- 
point  recording  of  velocity,  and  subsequent  evaluation  of  velocity 
gradients,  offers  prospects  of  yielding  images  of  vorticity,  a  fundamen¬ 
tal  flowfield  variable  of  growing  importance  in  current  fluid  mechanics 
modeling.  Extension  of  our  velocity  imaging  concept  to  O2  would  be  a 
significant  scientific  achievement,  owing  both  to  the  scientific 
challenges  which  must  be  overcome  and  to  the  large  increase  in  the 
utility  of  velocity  imaging  which  would  result. 

Status  Report 

During  this  last  year,  work  has  proceeded  on  two  separate 
approaches.  The  first  method,  for  which  work  has  now  been  completed, 
involves  "marking”  specific  elements  of  the  flow  using  laser-excited 
phosphorescence  of  biacetyl  vapor.  Subsequent  motion  of  the  marked 
elements  is  observed  on  our  intensified  photodiode  array.  A  variation  of 
this  scheme  involving  laser-induced  formation  of  sulfur  particulates 
(which  can  be  tracked  by  Mie  scattering)  has  also  been  investigated. 
Both  of  these  projects  are  now  completed  and  have  been  described  fully 
in  publications  (see  publications  3,  4  and  8  in  list  below)  and  so  will 
not  be  discussed  further  here. 

Our  second  scheme,  and  the  one  which  we  believe  has  the  greatest 
promise,  is  based  on  the  Doppler  effect  and  involves  monitoring  the 
broadband  fluorescence  from  a  sheet-illuminated  flow  using  a  solid-state 
array  detector.  The  flow  is  seeded  with  a  tracer  species  and  a  narrow- 
linewldth  cw  laser  source  is  used  to  excite  a  specific  wavelength  within 
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a  single  absorption  line  of  the  tracer  species*  The  fluorescence  from  a 
given  flowfield  point  mirrors  the  absorption  occurring  there,  which  for 
a  uniformly  seeded  flow  may  depend  primarily  on  the  position  of  the 
laser  wavelength  within  the  absorption  lineshape.  Since  the  apparent 
laser  frequency  shifts  with  fluid  velocity  due  to  the  Doppler  effect, 
the  amount  of  absorption  (and  hence  fluorescence)  is  a  measure  of 
velocity.  Iodine  (I2)  vapor  has  been  used  in  the  work  thus  far  (because 
it  conveniently  absorbs  the  light  at  visible  wavelengths  of  tunable  Ar+ 
and  cw  dye  lasers),  although  the  method  is  quite  general  and  we  have 
hopes  of  extending  our  work  to  O2  (see  below).  Velocity  measurements  in 
^-seeded,  low  temperature  flows  have  now  been  demonstrated  for  both 
supersonic  and  subsonic  cases,  using  somewhat  different  procedures. 
Details  of  the  apparatus,  procedures  and  results  are  available  in  publi¬ 
cations  1,2, 5, 6  and  7  cited  below. 

A  sketch  of  the  arrangement  and  typical  results  for  velocity  in  the 
centerplane  of  a  subsonic  nitrogen  round  jet  are  shown  in  Fig.  1.  (Note 
that  the  numbering  of  figures  is  separate  for  each  major  section  of  this 
report.)  I2  is  seeded  into  the  flow  at  a  trace  level  of  about  300  ppm.  A 
sheet  of  cw  single  mode  Ar+-laser  light,  tuned  to  a  frequency  in  the 
wing  of  the  overlapping  P(13)/R(15)  lines  of  I2  ((43,0)  band  at  514.5 
nm),  is  incident  at  an  angle  of  45°  to  the  jet  centerline.  An 
intensified  photodiode  array  (100  x  100)  camera,  imaging  the  plane  of 
illumination,  records  the  broadband  fluorescence  emanating  from  each  of 
the  10*  imaged  locations.  The  fluorescence  signal  from  each  point  is 
proportional  to  the  amount  of  light  absorbed  at  that  point,  which  in 
turn  depends  on  the  extent  of  the  local  velocity-induced  Doppler  shift 
of  the  absorption  line  relative  to  the  fixed  laser  frequency  (see  Fig. 
2). 

In  our  initial  work,  we  utilized  a  single  laser  frequency  and  two 
angles  of  illumination  (to  determine  two  independent  velocity  compo¬ 
nents),  but  recently  we  have  implemented  an  important  improvement  based 
on  a  two-frequency  strategy  (see  Fig.  2).  In  brief,  we  utilize  an 
acousto-optic  device  to  convert  the  single-mode  laser  output  to  two 
discrete  laser  frequencies  separated  by  100  MHz.  With  this  scheme. 


SPATIAL  VELOCITY  DISTRIBUTIONS  VISUALIZED  WITH  LASER-INDUCED  FLUORESCENCE 


Approach  and  results  for  velocity  visualization  technique. 


FREQUENCY  STRATEGY  FOR  VELOCITY  AND  PRESSURE  IMAGING 

line -shape  function  g(*,P,T) 
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simple  differences  In  the  signals  froa  forward  and  count erpropagating 
sheets  (at  a  single  angle),  normalized  by  the  difference  in  the  aean 
(unshifted)  signals  at  the  two  frequencies,  lead  directly  to  the  veloc¬ 
ity  component  for  that  angle.  This  scheme  is  self-calibrating  and  elimi¬ 
nates  the  previous  requirement  to  know  (by  external  calibrations)  the 
absorption  llneshape  function.  Of  at  least  equal  importance,  this  new 
scheme  also  yields  a  value  for  the  slope  of  the  absorption  line,  and 
this  can  be  a  strong  function  of  pressure,  thereby  opening  up  the  possi¬ 
bility  of  simultaneous  imaging  of  velocity  and  pressure.  This  develop¬ 
ment  could  be  especially  Important  for  supersonic  flow  studies.  Details 
of  this  Improved  approach  are  given  In  a  recent  paper  (number  5  on  the 
list  below).  Figure  3  shows  a  calculated  plot  of  the  normalized  slope  of 
the  llneshape  function  which  illustrates  the  expected  sensitivity  of 
this  measurable  quantity  to  pressure. 
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Fig.  3.  The  function  g/(dg/dv)  computed  from  broadening  parameters 
is  only  weakly  temperature  dependent  and  can  be  used  as  a 
calibration  curve  for  pressure  measurements.  These  curves 
were  calculated  for  a  laser  frequency  fixed  at  the  point  of 
maximum  slope  for  a  background  pressure  of  35  Torr.  The 
35-Torr  point  is  reproduced  by  the  fluorescence  values 
measured  in  the  flow. 


It  should  be  noted  that  the  present  scheme  uses  four  camera  frames, 
one  for  each  of  four  sheets  of  light,  l.e.  forward  and  counterpropa- 
gatlng  sheets  at  each  of  two  angles  (t  45°  relative  to  the  jet  axis)  in 
the  centerplane,  to  allow  determination  of  the  velocity  vector  in  the 
centerplane  of  the  flow.  Although  the  time  required  to  complete  the  four 
measurements  is  currently  about  0.4  seconds,  much  shorter  measurement 
times  are  feasible.  The  sensitivity  of  the  method,  currently  a  few  m/s, 
indicates  the  capability  of  the  4-beam  technique  to  probe  a  variety  of 
low  and  high  Mach  number  flowfields.  The  simplicity  of  the  scheme 
should  lend  Itself  to  fast  on-line  data  processing.  The  excellent 
spatial  resolution  which  can  be  achieved  is  an  intrinsic  feature  of 
laser-induced  fluorescence  techniques.  Current  work  Is  being  directed 
toward  simplifying  the  experimental  set-up,  improving  temporal  reso¬ 
lution,  and  testing  our  strategy  for  simultaneously  inferring  pressure 
from  the  two-frequency  velocity  data. 

Very  recently,  as  part  of  planning  a  research  program  on  supersonic 
combustion,  we've  begun  to  Investigate  the  possibility  of  performing  our 
imaging  velocimetry  with  molecular  oxygen.  If  an  O2  velocimetry  scheme 
could  be  developed,  of  course,  this  would  considerably  expand  the  oppor¬ 
tunities  to  employ  velocity  imaging  in  aerodynamics  and  combustion 
research,  owing  to  the  high  levels  of  0£  naturally  present  in  many  flows 
of  Interest.  Elimination  of  seeding  trace  levels  of  toxic  or  corrosive 
species,  such  as  iodine,  would  simplify  experiments  considerably.  But 
oxygen  has  two  other,  less  obvious  but  perhaps  even  more  critical 
advantages,  which  result  from  the  fact  that  the  O2  absorption  llnewldths 
are  large  (owing  to  the  effect  of  predissociation  in  the  excited  B  state 
of  the  Shumann-Runge  system)  and  constant.  The  first  advantage  is  that 
large  llnewldths  allow  measurements  of  large  Doppler  shifts  and  hence 
large  velocities  needed  for  supersonic  flows.  The  second  advantage, 
which  accrues  from  the  constancy  of  the  llnewldth  and  hence  llneshape, 
1 s  that  the  velocity  determination  is  Independent  of  the  gas  composition 
and  thermodynamic  state.  Once  we  realized  these  attractive  features  of 
using  O2,  we  turned  our  attention  to  solving  what  we  regard  as  the 
critical  problem,  namely  the  generation  of  suitably  line-narrowed 


tunable  radiation  In  the  UV  to  excite  O2  fluorescence.  Our  research  has 
yielded  an  encouraging  result,  which  Is  that  these  are  two  candidate 
laser  systens  with  the  proper  characteristics  which  could  be  assembled 
from  commercially  available  components.  Schematics  of  the  proposed 
systems  are  shown  below  In  Fig.  4. 

Both  of  these  systems  are  unique  and  are,  to  our  knowledge  not 
presently  available  In  any  laboratory.  Scheme  I  relies  on  a  4-step 
process  terminating  In  an  exclmer  amplifier.  We  project  that  this  system 
would  have  a  high  energy  per  pulse  (30-50  mj),  a  linewidth  of  about  1 
GHz,  and  would  operate  at  repetition  rates  up  to  250  Hz.  A  potential 
shortcoming  Is  that  the  laser  would  tune  over  only  0.5  ran,  but  this 
should  be  adequate  for  0£  measurements.  Scheme  II  Is  also  a  multi-step 
laser  system,  comprised  of  commercially  available  components.  This 
scheme  Is  more  expensive  but  also  has  much  greater  versatility  In  that 
it  can  produce  two  or  more  simultaneously  tunable  output  wavelengths. 
Thus  this  system  would  have  broadly  useful  imaging  capability  for  our 
laboratory,  and  would  provide  us  with  Important  opportunities  for  other 
new  research.  For  the  specific  purpose  of  02  velocimetry  Imaging, 
however.  It  is  expected  to  have  less  energy  per  pulse  than  Scheme  I.  We 
plan  to  Include  both  of  these  unique  laser  systems  as  key  elements  In 
our  forthcoming  DOD  USIP  proposal. 

We  would  like  to  mention  briefly  another  recent  Idea,  based  on  the 
same  general  scheme  of  Doppler-based  velocity  Imaging,  which  we  believe 
holds  promise  and  deserves  further  work.  In  brief,  the  Idea  Is  to  trade 
off  the  number  of  measurement  points  (pixels)  to  enable  improved  tem¬ 
poral  and  velocity  resolution.  The  proposed  scheme.  Incorporating  the 
same  self-calibrating,  four-laser-beam  strategy,  is  shown  schematically 
In  Fig.  5  for  a  single  detector  element.  Rather  than  alternating  the 
four  laser  sheets  rather  slowly,  as  we  do  currently,  we  plan  to  switch 
the  sheets  at  very  high  speeds  (hopefully  1  MHz)  using  opto-acoustic 
modulators  and  to  use  analog  signal  processing  of  special  multi-element 
high-bandwldth  photomultipliers.  As  an  example,  we  could  use  a  9-element 
PMT  (giving  9  "pixels"),  with  each  PMT  element  connected  to  its  own 
dedicated  tuned-filter  for  analog  averaging.  A  computer  would  perform 
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Fig.  4  Proposed  schemes  for  production  of  tunable,  narrow-linewidth  laser  excitation  of  0. 
for  velocity  (and  pressure)  imaging. 


function  g(*. P.T)  PMT  Signal 


Proposed  scheme  for  high-frequency  velocity  visualization;  signals  shown  for  1  detection  e! 
of  multi-element  PMT  detector  and  1  channel  of  multi-channel  lock-in  system.  For  ■  10~' 
seconds,  velocity  measurements  at  10  kHz  appear  feasible. 


an  A/D  conversion  at  prescribed  points  on  the  output  waveform  of  each 
filter  circuit  and  carry  out  the  needed  algebraic  manipulations  to 
recover  velocity  and  pressure.  Our  expectation  Is  that  this  scheme  will 
lead  to  substantially  Improved  velocity  and  temporal  resolution  In  our 
measurements  while  still  retaining  multiple-point  capability  for  deter¬ 
mining  gradients,  more  in  line  with  the  needs  of  turbulence  research. 
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2.3  fiber  Optic  Absorption/ Fluorescence  Sensors 
Introduction 

Optical  fibers  and  fiber  bundles  provide  new  opportunities  for 
optical  diagnostics  research  and  applications.  As  part  of  this  program, 
we  have  in  past  years  made  use  of  optical  fibers  for  transmitting  laser 
light  between  laboratories  and  in  the  construction  of  Intrusive  laser 
absorption/fluorescence  probes  for  species  measurements.  The  recent 
appearance  of  relatively  Inexpensive  coherent  fiber  bundles,  suitable 
for  transmitting  images,  and  the  apparent  (just  announced)  commercial 
availability  of  Infrared-transmitting  fibers,  has  encouraged  us  to 
initiate  new  work  in  this  area.  Here  we  summarize  our  recent  work  as 
well  as  our  Ideas  for  new  research.  In  the  long  term,  we  are  confident 
that  optical  fibers  will  provide  the  vehicle  whereby  many  sophisticated 
spectroscopy  techniques,  proven  only  under  idealized  laboratory  condi¬ 
tions,  can  be  extended  to  real-world  applications. 

He  have  three  new  research  projects  under  consideration:  (1)  an 
Investigation  of  optical  fiber  bundles  for  use  with  PLIF  In  Internal 
flow  applications;  (2)  an  Investigation  of  infrared  fiber  sensors 
utilizing  tunable  infrared  diode  laser  sources;  and  (3)  an  investigation 
of  fiber  optic  absorption/fluorescence  sensors  for  detecting  hot  metal 
atoms  or  oxides. 

The  motivation  for  a  PLIF  diagnostic  useful  in  internal  flows 
follows  directly  from  the  Importance  of  extending  modem  optical  tech¬ 
niques  to  practical  combustion  devices,  which  generally  have  very 
limited  optical  access.  And  of  course,  if  possible,  we  would  like  to 
have  multiple-point  measurements  as  provided  by  PLIF  rather  than  single¬ 
point  measurements. 

Our  interest  In  exploring  infrared-transmitting  fibers  results  from 
our  considerable  experience  with  tunable  Infrared  lasers  and  the  convic¬ 
tion  that  there  are  a  variety  of  important  measurements  which  could  be 
made  with  these  lasers,  particularly  in  high  pressure  and  temperature 
environments,  if  it  were  possible  to  locate  them  remotely  from  the 
experiment  of  Interest. 
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Our  third  proposed  project  is  motivated  by  the  potential  utility  of 
sensing  metal  atoms  or  oxides  in  hot  exhaust  streams  as  an  Indicator  of 
material  degradation  in  gas  turbine  combustion  systems.  Such  measure¬ 
ments  might  be  made,  for  example,  using  a  tunable  diode  (visible)  light 
source  located  remotely  from  the  exhaust,  in  which  case  the  fiber  acts 
only  as  a  conduit  of  light  between  the  source  and  the  sensor.  Both  this 
and  the  previous  project  have  in  common  the  potential  advantage  of 
enabling  measurements  at  multiple  locations  using  only  a  single  source 
and  relatively  simple  multiplexing  Ideas. 

Scientific  Merit 

This  research  seeks  to  enable  the  application  of  spectroscopy-based 
schemes  for  remote  measurements  of  gaseous  properties  In  reacting  flows. 
Such  schemes  are  critically  needed  for  flows  with  poor  optical  access  or 
where  the  test  environment  precludes  local  placement  of  a  laser  source. 
Our  approach  Is  unique  in  that  It  seeks  to  combine  recently  developed 
tunable  laser  sources  with  novel  absorption  or  fluorescence  probes.  The 
resulting  diagnostics  should  be  well  suited  to  meet  a  variety  of  practi¬ 
cal  measurement  requirements  and  hence  have  the  potential  for  signifi¬ 
cant  impact  on  various  scientific  and  engineering  aspects  of  combustion 
and  propulsion.  In  addition,  our  work  should  contribute  substantially  to 
the  fundamental  spectroscopic  data  base  for  high  temperature  gases. 


Status  Eeport 

Current  effort  on  this  topic  involves  preliminary  planning  for  the 
proposed  new  activities  and  completion  of  research  projects  on  remote 
sensing  of  NCO  and  CH  In  shock  tube  kinetics  and  spectroscopy  experi¬ 
ments.  Other  past  activities  have  been  published  (see  list  below)  and 
hence  will  not  be  discussed  here. 

With  regard  to  project  planning,  we  have  conducted  a  complete  survey 
to  Identify  manufacturers  of  coherent  fiber  bundles  (for  Imaging)  and  of 
Infrared-transmitting  fibers.  In  summary,  suitable  Imaging  fiber  bundles 
are  now  available  from  several  manufacturers,  but  only  one  company 
(Galileo)  is  now  willing  to  deliver  (on  a  test  basis)  Infrared  fibers. 


Also,  we  have  conducted  an  unsuccessful  survey  of  manufacturers  of 
visible  diode  lasers,  in  the  hope  of  finding  a  source  of  wavelength 
tunable  solid-state  lasers  for  use  at  visible  wavelengths  appropriate 
for  absorption  measurements  of  metal  atoms  and  metal  oxide  molecules.  It 
appears  that  the  technology  for  such  lasers  is  still  a  few  years  away; 
once  available,  however,  these  lasers  should  be  relatively  cheap  and 
will  open  up  a  variety  of  practical  opportunities  for  sensors  In  combus¬ 
tion  systems. 

Our  major  activity  during  this  past  year  has  been  to  complete 
measurements  of  NCO  and  CH  spectral  and  kinetic  parameters  using  a  fiber 
optic  absorption  technique  to  probe  these  species  In  a  shock  tube.  Both 
of  these  projects  have  been  described  in  detail  In  publications  (see 
publications  7-10)  in  list  below)  and  so  only  highlights  will  be  pre¬ 
sented  here.  The  species  NCO  has  been  proposed,  on  theoretical  grounds, 
as  a  combustion  Intermediate  of  some  Importance  in  connection  with  the 
chemistry  of  nitrogen  species  In  combustion.  Until  now,  however,  NCO  has 
not  been  detected  in  a  high  temperature  system.  In  our  work  we  have: 
Investigated  the  electronic  absorption  spectrum  of  NCO  (B  «■  X  and  A  ♦  X 
bands),  found  an  optimum  wavelength  for  detection,  modified  our  Ar+- 
pumped  cw  ring  dye  laser  to  operate  at  this  near-UV  wavelength  (440  nm, 
A  ♦  X  band),  installed  a  65  meter  optical  fiber  link  between  the  laser 
and  the  shock  tube  lab,  and  performed  Incident  shock  wave  tests  to 
evaluate  the  spectral  absorption  parameters  of  NCO  at  high  temperature. 
Our  measurements  of  CH  were  carried  out  with  the  same  optical  arrange¬ 
ments,  but  with  the  dye  laser  set  to  431  nm,  and  represent  the  first 
laser-based  studies  of  CH  spectroscopy  and  kinetics  in  a  shock  tube. 

A  schematic  of  the  experiment  and  typical  results  are  shown  in  Figs. 
1  and  2.  The  laser  source  was  a  ring  dye  laser  (Spectra -Physics  380A) 
operating  on  stllbene  (S3)  dye  and  pumped  by  the  UV  lines  (1.9  W,  all 
lines)  of  an  Ar+  laser  (Spectra-Physics  171-18).  The  output  of  the  laser 
was  amplitude  stabilized  (Coherent  307  Noise  Eater),  yielding  power 
levels  of  5-10  mW  at  the  Input  of  the  65  meter  fiber  link  (200  micron 
fused  silica  fiber,  Superguide). 


SUCCESSFUL  USE  OF  FIBER-OPTIC  LINK  TO  REMOTELY 
MEASURE  SPECTRAL  PARAMETERS  OF  NCO 
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REMOTE  LASER  ABSORPTION  OF  CH 


0  50  100  200 

Laboratory  Time  (microseconds) 

X  -  431.1  ran  T2  -  2839  K 

Qlc<7>  +  Q2<j(7)  Lines  P2  •  0.22  atm 

Mixture:  CH^/Ar  (5/95) 

Fig.  2.  Remote  laser  absorption  measurements  of  CH  In  a 

shock  tube.  The  ring  dye  laser,  operating  single 
axial  mode  at  431.1  ran.  Is  located  65  m  from  the 
shock  tube. 

In  both  the  NCO  and  CH  studies  the  quantity  measured  was  the  frac¬ 
tional  absorption  following  shock-wave  production  of  the  species.  Varia¬ 
tions  In  the  absorption  as  a  function  of  laser  wavelength  for  a  fixed 
level  of  NCO,  as  shown  In  Fig.  1  (for  T-1430K,  P-0.6  atm),  enable  deter¬ 
mination  of  the  relevant  Voigt  parameter  A  and  subsequently  the  colli¬ 
sion-broadened  linewldth  for  NCO  broadened  by  Ar.  The  absolute  absorp¬ 
tion,  together  with  the  known  level  of  NCO  present,  leads  to  a  value  for 
the  electronic  oscillator  strength.  (Details  of  this  work  appear  In 
publication  7  below.)  A  sample  data  trace  for  CH  absorption  in  shock 


heated  CH^/Ar  mixtures  is  shown  in  Fig.  2.  This  record  illustrates  the 
sensitivity  of  the  method  to  detect  ppm  levels  of  CH  as  needed  for 
fundamental  studies  of  hydrocarbon  pyrolysis  and  oxidation  kinetics. 

The  significance  of  this  work  is  threefold:  (1)  we  have  established 
a  new  method  for  quantitatively  monitoring  NCO  and  CH.  and  have  made  the 
first  laser-based  measurements  of  NCO  and  CH  in  a  high  temperature  shock 
tube  system;  (2)  we  have  determined  oscillator  strength  and  collision- 
broadening  parameters  for  NCO  and  CH;  and  (3)  we  have  demonstrated  the 
utility  of  fiber  optic  links  for  sensitive,  quantitative  species  mea¬ 
surements  at  locations  removed  from  the  laser  source.  The  latter  accomp¬ 
lishment  suggests  the  potential  of  using  expensive  and  sensitive  laser 
sources  for  measurements  at  several  locations,  thereby  increasing  the 
utility  factor  of  such  systems  and  enabling  sharing  of  facilities 
between  different  experiments  and  research  groups.  Furthermore,  we  have 
demonstrated  the  unique  capability  of  combined  shock  tube  -  laser  exper¬ 
iments  for  quantitative  measurements  of  fundamental  spectroscopic  param¬ 
eters  in  high  temperature  gases.  This  approach  should  enable  Important 
contributions  to  the  scientific  data  base  for  combustion  gases  and 
plasmas. 
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Scientific  Merit 

Our  laboratory  now  has  unique  capability  and  experience  with  fast¬ 
tuning  lasers  (UV,  visible  and  IR)  and  wavelength  modulation  spectros¬ 
copy.  This  capability  provides  several  opportunities  for  pioneering 
contributions  to  combustion  and  plasma  diagnostics  research.  In  connec¬ 
tion  with  combustors  where  particulates  or  droplets  are  present,  wave¬ 
length-modulation  techniques  can  be  applied  to  discriminate  between  the 
gaseous  absorption  or  fluorescence  of  interest  and  interfering  continuum 
extinction.  For  plasma  flows  which  may  be  highly  luminous,  wavelength 
modulation  should  provide  a  means  of  distinguishing  the  spectrally 
varying  signal  of  interest  from  the  intense  continuum  background.  In 
unsteady  flows  or  in  devices  where  transient  phenomena  are  of  interest, 
fast  measurements  of  fully-resolved  absorption  or  fluorescence  lines  can 
be  used  for  time-resolved  determinations  of  species  and  temperature. 
Finally,  the  significance  of  fast-scanning  capability  for  fundamental 
spectroscopic  measurements  should  be  noted.  For  example,  we  have 
recently  demonstrated,  for  the  first  time  in  any  laboratory,  the  feasi¬ 
bility  of  recording  fully  resolved  absorption  lines  in  shock  tube  flows. 
Such  experiments  provide  unique  capability  for  obtaining  a  variety  of 
fundamental  high-temperature  data  including  important  quantities  such  as 
collision  llnewidths,  oscillator  strengths  and  heats  of  formation;  these 
parameters  are  needed  to  enable  quantitative  absorption  and  fluorescence 
measurements  of  species  in  combustion  and  plasma  flows. 

Status  Report 

The  dye  laser  modification  which  enables  fast-tuning  laser  wave¬ 
length  modulation  spectroscopy  has  been  described  previously  (see  publi¬ 
cations  1  and  6  below).  We  have  utilized  this  new  laser  system  in  two 
novel  experiments,  one  conducted  with  a  shock  tube  (see  publication  6) 
and  one  in  a  flame  (see  publication  5).  Here,  for  purposes  of  illus¬ 
trating  the  unique  capabilities  of  the  laser,  we  show  very  recent 
results  obtained  in  shock  tube  experiments.  In  these  experiments,  the 
laser  was  used  to  record  fully  resolved  absorption  line  profiles  of  OH 
over  a  range  of  post-shock  conditions.  In  brief,  the  center  frequency  of 
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the  repetitively  scanning  laser  was  set  on  a  known  UV  line  of  OH,  and 
the  beaa  was  passed  through  the  shock  tube  to  enable  recording  of 
absorption  line  profiles  behind  incident  shock  waves.  Mixtures  of 
H2/02/Ar  were  shock  heated  to  provide  relatively  constant  levels  of  OH 
at  known  conditions.  These  experiments  provide  the  first  fully  resolved, 
radical  species  absorption  spectra  recorded  in  a  shock  tube,  and  they 
can  be  used  to  infer  fundamental  parameters,  such  as  collision-broadened 
llnewldth8,  about  which  very  little  is  known  at  high  temperatures.  A 
schematic  diagram  of  the  experiment  is  shorn  in  Fig.  1,  and  a  sample 
data  trace  is  shown  in  Fig.  2. 

Figure  3  provides  a  preliminary  plot  of  the  rotational  quantum 
number  dependence  of  the  Argon-broadened  llnewldth  of  OH  at  2000R, 
extracted  from  data  traces  similar  to  that  shown  in  Fig.  2.  These  are 
the  first  directly  determined  data  for  this  fundamental  quantity.  Figure 
4  provides  a  plot  of  the  temperature  dependence  of  the  collision  line- 
width  for  a  specific  rotational  transition.  The  practical  implication  of 
the  work  is  that  it  will  enable  more  quantitative  species  measurements 
of  OH  (by  absorption  or  fluorescence)  in  combustion  systems. 

The  Important  conclusion  to  be  drawn  from  our  work  on  laser  wave¬ 
length  modulation  spectroscopy  is  that  these  new  techniques,  in  conjunc¬ 
tion  with  shock  tube  methods,  clearly  enable  new  opportunities  for 
fundamental  and  applied  research  on  spectral  and  thermochemical  proper¬ 
ties  of  high  temperature  gases. 


TIME  (juste) 


Fig.  2  Saaple  records  of  I.,  hi  ■  IG-I,  and  etalon  trace  versus  lab  tine 
for  R}(5)  line  of  OH  at  30o.7  na.  Postshock  conditions:  T5  ■  1960R,  Pc  - 
4.30  ata.  Preshock  aixture  ■  500  ppa  H£ ,  500  ppm  02*  balance  Ar .  The 
etalon  fringe  spacing  corresponds  to  frequency  changes  of  4  GHz  -  0.133 
ea"1  In  the  0V. 
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Fig.  3  J-dependence  of  the  collision  llnewidth  for  Ar  broadening  at  Tc 
2000K.  3 
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Fig.  4  Temperature  dependence  of  the  collision  llnewidth  for  Ar 
broadening;  Ri(5)  line  at  OH.  Best-fit  temperature  exponent  is  n  •  0.93. 


Publications  and  Presentations 

1.  E.C*  Rea,  Jr.,  and  R.K.  Hanson,  "Rapid  Extended  Range  Tuning  of 
Single-Mode  Ring  Dye  Lasers,"  Applied  Optics  22j  518  (1983). 

2.  E.C.  Rea,  Jr.  and  R.K.  Hanson,  "Fast-Scanning  UV  Ring  Dye  Laser  for 
Combustion  Research,"  presented  at  CLEO  '83,  Baltimore  (May  1983). 

3.  R.K.  Hanson,  S.  Sal lml an  and  E.C.  Rea,  Jr.,  "Laser  Absorption  Tech¬ 
niques  for  Spectroscopy  and  Chemical  Kinetics  Studies  In  a  Shock 
Tube,"  In  Shock  Tubes  and  Waves,  ed.  R.  Archer  and  B.  Milton,  Sydney 
Symposium  Publishers,  595-601  (1983);  presented  at  14th  Interna¬ 
tional  Symposium  on  Shock  Tribes  and  Waves,  Sydney,  Aug.  19-22 
(1983). 

4.  R.K.  Hanson,  "Tunable  Diode  Laser  Measurements  In  Combustion  Gases," 
SPIE  Vol.  438,  pp.  75-83  (1983);  also  presented  at  1983  meeting  of 
Soc.  Photographic  and  Inst.  Engineers,  San  Diego,  August  1983. 

5.  E.C.  Rea,  Jr.  and  R.K.  Hanson,  "Fully  Resolved  Absorption/Fluores¬ 
cence  Llneshape  Measurements  of  OH  Using  a  Rapid-Scanning  Ring 
Dye  Laser,"  paper  83-66  at  the  fall  meeting  of  the  Western  States 
Section/Combustion  Institute,  Los  Angeles,  CA,  October  1983. 

6.  E.C.  Rea,  Jr.,  S.  Sal lml an  and  R.K.  Hanson,  "Rapid-Tuning  Frequency- 
Doubled  Ring  Dye  Laser  for  High  Resolution  Absorption  Spectroscopy 
in  Shock-Heated  Gases,"  Applied  Optics,  23j  1691-1694  (1984). 

Feraonnel 

Ronald  K.  Hanson  Professor,  Mechanical  Engineering 

E.C.  Rea,  Jr.  Graduate  Student,  Mechanical  Engineering 

(Ph.D.  Expected  In  June  1986) 


2*5  FImm  Dt«gao«tle»  for  Energy  Oanrenlon  Research 
Introduction 

An  emerging  element  of  our  overall  program  is  research  on  plasma 
diagnostics  which  will  be  of  subsequent  use  In  fundamental  research  on 
plasmas  and  In  studies  of  various  plasma-related  energy  conversion 
schemes . 

Primary  motivation  for  this  work  arises  from  renewed  interest  in 
advanced  space  power  and  propulsion  systems  which  may  Involve  plasmas. 
Among  the  systems  under  consideration  are  thermionic  converters  and  MHD 
generators  for  electrical  power  generation,  MPD  thrusters  and  beamed 
laser  energy  for  propulsion,  and  direct  production  (In  space)  of  high- 
power  laser  radiation  for  beamed  energy.  Considerable  research  will  be 
needed  before  optimum  systems  for  space  utilization  are  Identified, 
developed  and  placed  in  service,  and  we  believe  that  advanced  diagnos¬ 
tics  will  play  an  important  role  in  such  research.  Furthermore,  the 
Initiation  of  work  on  plasma  diagnostics  forms  a  logical,  efficient 
extension  of  our  current  program. 

Scientific  Merit 

This  research  seeks  to  provide  new  diagnostic  methods  for  use  In 
studies  of  plasma  properties  and  plasma  phenomena.  The  two  primary 
techniques  which  we  are  pursuing,  namely  PLIF  Imaging  and  wavelength 
modulation  absorption/fluorescence,  are  novel  and  will  provide  unique 
capabilities  for  measurements  In  Ionized  gases.  We  Intend  to  coordinate 
this  work  closely  with  other  OSR-sponsored  work  on  plasma  sciences 
underway  in  our  laboratory,  and  we  expect  the  scientific  merit  and 
relevance  of  the  work  to  be  enhanced  by  these  Interactions. 


Status  Report 

This  research  Is  still  In  an  early  stage  and  our  work  has  consisted 
primarily  of  literature  reviews,  paper  studies  of  candidate  diagnostic 
techniques  and  plasma  facility  assembly.  On  the  basis  of  this  background 
work,  we  have  narrowed  our  selection  of  diagnostics  topics  to  three 


approaches:  (1)  quantitative  visualization  (Imaging)  of  plasmas  using 
PLIF,  l.e.  simultaneous  multiple-point  laser-induced  fluorescence  meas¬ 
urements  of  plasma  parameters  such  as  species  concentration  (including 
ions  and  electrons),  temperature  and  electric  field  strength;  (2)  wave¬ 
length  modulation  spectroscopy  using  laser  absorption  and/or  fluor¬ 
escence;  and  (3)  other  laser  scattering  concepts.  To  put  our  work  in 
focus,  we  are  particularly  Interested  In  techniques  which  have  promise 
for  measurements  with  high  spatial  resolution,  for  example  near  elec¬ 
trodes  and  boundaries  where  discharge  and  erosion  phenomena  are  of 
Importance,  and  In  finding  new,  Improved  methods  for  quantities  such  as 
temperature,  electron  number  density,  Ion  species  concentrations  and 
electric  field  strength. 

A  block  diagram  indicating  the  laser  systems  to  be  employed,  the 
techniques  of  Interest,  and  the  plasma  systems  to  be  studied.  Is  given 
in  Fig.  1.  Two  of  the  three  laser  systems  indicated,  providing  tunable 
cw  dye  laser  radiation  (280-700  nm,  with  some  gaps)  and  tunable  pulsed 
dye  laser  radiation  (220-900  nm),  are  already  on  hand.  We  also  plan  to 
provide  new  capability  to  access  tunable  vacuum  ultraviolet  (VUV)  wave¬ 
lengths  by  adding  a  Raman  shifter  (cell  of  H2  at  high  pressure)  to  our 
pulsed  dye  laser.  This  addition  will  allow  access  to  the  absorption/ 
fluorescence  spectra  of  a  variety  of  atomic  species  of  Importance  In 
plasma  and  electrode  phenomena  studies. 

We  plan  to  conduct  research  In  two  widely  separate  plasma  regimes: 
low-pressure  discharges  and  high-pressure.  Inductively  heated  plasmas. 
The  low  pressure  facility  Is  now  complete  except  for  the  microwave  power 
supply.  In  brief,  the  viewing  chamber  Is  a  stainless  steel  box,  with 
windows  on  all  four  sides,  and  electrodes  mounted  on  removable  top  and 
bottom  plates.  The  chamber  is  coupled  to  an  inlet  gas  manifold,  for 
varying  the  input  gas  composition  and  flow  rate,  and  to  a  vacuum  pump. 
We  have  paid  particular  attention  to  optical  access  so  that  we  will  be 
able  to  demonstrate  the  ability  to  measure  with  high  spatial  resolution 
near  surfaces  (electrodes)  and  with  high  temporal  resolution  in  tran¬ 
sient  discharges. 


LASER  SOURCE 


TECHMIQUE 


PLASMA  MEDIUM 


Fig.  1  Laser  Systems  and  Techniques  for  Plasma  Diagnostics  Research. 

With  regard  to  the  high-pressure  facility,  we  have  conducted  prelim¬ 
inary  work  with  a  low  power  (10  kW)  induction-heating  power  supply 
acquired  on  surplus.  This  system  provides  nearly  ideal  optical  access 
for  diagnostics  studies  and,  subsequently,  research  on  a  variety  of 
plasma  sciences  topics  (e.g.,  plasma  processing,  for  powders  and  gases; 
laser-plasma  interactions  and  energy  transfer;  and  non-equilibrium 
aspects  of  plasmas).  It  now  appears,  however,  that  this  induction-heated 
torch  has  insufficient  power  to  generate  interesting  plasma  conditions, 
and  further  work  along  this  line  must  await  purchase  of  a  higher  power 
plasma  generator.  Funding  of  such  a  system  will  be  Included  as  part  of 
our  forthcoming  DoD  URIP  proposal. 

The  status  of  our  work  on  plasma  diagnostics  is  that  we  have 
reviewed  a  variety  of  candidate  measurement  ideas,  leading  to  the  three 
categories  of  techniques  noted  above,  and  one  student  is  now  proceeding 
with  category  (1),  namely  planar  laser-induced  fluorescence  (PLIF) 
plasma  measurements.  A  schematic  diagram  of  the  planned  approach,  and  a 
listing  of  some  key  attributes,  is  given  in  Fig.  2.  Our  plan,  once  a 


Fig.  2  Key  features  of  PLIF  as  a  plasma  diagnostic  technique. 


suitable  plasma  torch  Is  available ,  is  to  set-up  a  PLIF  system  and 
establish  procedures  for  monitoring  the  properties  of  interest:  ion 
concentrations,  temperature  and  electron  number  density.  As  an  example, 
our  plan  for  electron  density  (ng)  is  to  make  use  of  the  known 
relationship  between  the  St ark -broadened  absorption  lineshape  function 
and  ne.  We  intend  to  excite  three  (or  more)  different  wavelengths  within 
a  specific  absorption  line  (see  Fig.  2),  and  to  use  the  ratio  of  the 
resulting  LIF  signals  (at  each  flowfleld  point  or  pixel)  to  establish 
the  width  and  shift  of  the  line,  and  hence  ne  as  well  as  possibly  T. 
Some  calculations  to  select  optimum  wavelength  positions  within  a  line, 
and  to  select  suitable  species  and  transitions,  will  be  needed  to  guide 
the  experiments.  In  most  respects,  the  experimental  PLIF  arrangement 
will  be  similar  to  that  employed  in  our  combustion  research. 

There  is  of  course  a  requirement  to  match  the  wavelengths  of  the 
exciting  laser  system  with  the  absorption  spectra  of  molecules  of  inter¬ 
est,  and  so  our  initial  experiments  will  be  Influenced  by  the  tunable 
laser  sources  currently  in  our  laboratory.  More  specifically,  we  plan  to 
utilize  both  our  tunable  cw  dye  laser  (which  can  provide  narrow- 
llnewldth  output  in  the  ranges  X  ■  280-310  nm,  340-345  nm  and  about  500- 
700  nm)  and  our  tunable  pulsed  dye  laser  (broadband  output  in  the  range 
X  -  220-900  nm)  as  laser  sources  in  PLIF  experiments.  In  addition,  we 
plan  to  acquire  a  Raman  shifter,  to  be  pumped  by  either  our  pulsed  dye 
laser  or  our  excimer  laser  itself,  which  will  provide  access  to  wave¬ 
lengths  in  the  VUV.  A  curve  based  on  preliminary  calculations  of  output 
pulse  energy  versus  wavelength  is  shown  In  Fig.  3.  Note  that  we  expect 
to  be  able  to  reach  all  wavelengths  down  to  about  160  nm  with  a  pulse 
energy  of  at  least  1  microjoule.  Using  fixed-frequency  excimer  lines  we 
can  generate  higher  pulse  energies  at  discrete  wavelengths.  The  values 
shown  correspond  to  the  specifications  of  our  excimer  and  exclmer-pumped 
dye  laser.  We  are  presently  carrying  out  a  survey  of  absorption  spectra 
of  relevant  compounds  which  fall  in  this  spectral  region.  Further  liter¬ 
ature  searches  regarding  spectra  of  relevant  neutral  and  ionized  atoms 
and  molecules  will  be  carried  out  as  part  of  this  research. 
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Fig*  3  Output  energy  per  pulse  for:  discrete  wavelengths 
produced  by  Raman  shifting  Lambda-Physlk  EMG  203 
exclmer  laser;  and  continuous  wavelengths  produced 
by  Raman  shifting  F2002  pulsed  dye  laser. 

The  second  category  of  techniques  to  be  explored  is  wavelength 
modulation  spectroscopy.  Our  Ideas  here  are  less  well  defined,  but  In 
brief  we  wish  to  explore  the  utility,  for  plasmas,  of  the  same 
approaches  we  are  currently  establishing  for  combustion  measurements. 
The  wavelength  regions  we  can  access  with  our  fast-tuning  cw  UV/vislble 
and  IR  laaer  systems  are  somewhat  limited,  and  so  one  of  our  first 
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activities  Is  to  become  more  familiar  with  the  absorption/fluorescence 
spectra  of  the  species  accessible  In  our  plasma  torch  or  low  pressure 
plasma  fadltles.  Once  these  plasma  facilities  are  operational,  we  will 
conduct  an  absorption-based  spectral  survey  of  the  plasma  to  Identify 
suitable  spectral  features  which  can  be  used  In  our  work  to  establish 
measurement  strategies.  Our  hope  is  that  fully  resolved  fluorescence 
measurements  will  yield,  through  the  apparent  llnewldths  or  line  shifts, 
information  on  plasma  properties  such  as  electron  concentration  or 
temperature,  in  addition  to  the  local  species  concentration  for  the 
absorbing  neutrals  and  Ions. 

Finally,  and  on  a  more  speculative  basis,  we  wish  to  explore  laser- 
based  scattering  techniques  for  plasma  measurements.  As  a  first  example, 
we  would  like  to  pursue  a  novel  concept  for  determining  the  electron 
number  density  via  measurements  of  the  plasma  frequency,  the  latter 
being  a  characteristic  local  frequency  of  the  plasma  which  Is  a  known 
function  of  the  electron  number  density.  Our  idea,  which  Is  untested.  Is 
to  cross  two  lasers  at  a  point,  and  to  vary  the  laser  frequency  differ¬ 
ence  until  it  matches  the  plasma  frequency.  At  this  point  the  plasma 
will  be  excited  and  should  exhibit,  we  hope,  enhanced  scattering  of 
light  at  one  of  the  Incident  wavelengths.  The  scattered  light,  present 
only  when  the  separation  In  laser  frequencies  matches  the  plasma  fre¬ 
quency,  Is  simply  an  indicator  of  when  the  matching  condition  Is  satis¬ 
fied.  The  frequency  Itself  will  be  Inferred  from  simple  etalon  traces  of 
the  laser  and  hence  should  be  very  precise.  Although  this  idea  Is  In  a 
preliminary  stage,  it  illustrates  the  type  of  new  approach  we  would  like 
to  take  In  this  work.  A  second  Idea  would  be  to  utilize  depolarization 
effects  present  In  plasmas  to  perform  a  cross-polarization  form  of 
Rayleigh  scattering  to  infer  plasma  properties  such  as  the  electric 
field  strength. 
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2.6  LASER  INTERACTIONS  WITH  PLASMAS 


COMBUSTION  GASES 


Introduction 

We  wish  to  begin  to  combine  our  diagnostics  research  with  research 
on  laser-material  interactions,  and  accordingly  we  have  given  considera¬ 
tion  to  possible  studies  of  laser  interactions  with  plasmas,  solid 
surfaces,  particle  (or  droplet)  clouds,  and  combustible  gases.  Each  of 
these  areas  pose  scientifically  interesting  research  problems,  relevant 
to  the  broad  field  of  energy  conversion,  and  would  benefit  from  the 
application  of  diagnostic  capabilities  available  in  our  Laboratory.  We 
feel  that  we  are  in  a  particularly  good  position  to  perform  research  on 
laser-plasma  interactions  and  on  interactions  of  tunable  lasers  with 
fuel-oxidizer  systems  for  Ignition  of  combustible  mixtures  or  perturba¬ 
tion  (energy  addition  or  chemical  changes)  of  already  burned  gases.  The 
latter  area  is  often  described  as  photo-enhanced  combustion. 


Status  Re I 


Work  thus  far  has  consisted  of  planning  possible  projects  and  doing 
the  necessary  literature  studies  to  assess  the  current  status  of  these 
areas.  On  the  basis  of  this  work,  indicated  in  the  Introduction,  we  have 
narrowed  our  consideration  to  two  topics:  interactions  of  lasers  with 
combustion  gas  systems,  and  studies  of  laser-produced  plasmas. 


Our  plans  for  laser-combustion  gas  studies  are  not  thought  through 
In  detail  but  are  motivated  by  the  following  considerations.  We  believe 
that  tunable  lasers  offer  new  opportunities  for  stimulating  and  con¬ 
trolling  chemical  reactions  In  combustible  systems.  Basic  research 
possibilities  range  from  fundamental  studies  of  chemical  kinetics 
(including  Ignition)  to  questions  of  beamed  energy  transfer  to  combus¬ 
tion  media  (for  propulsion  applications  or  safety/damage  studies).  With 
regard  to  chemical  kinetics,  for  example,  we  believe  that  laser 
photolysis,  using  a  tunable  exclmer  laser  together  with  shock  wave 
heating,  offers  exciting  prospects  for  a  unique  new  approach  to  studying 
reactions  of  reactive  radical  species  at  high  temperature.  The  basic 
idea  is  to  shock  heat  gases  and  then  trigger  specific  chemical  reactions 


In  the  high  temperature  gases  using  tuned-laser  photolysis.  In  the  area 
of  radiative  coupling  to  combustible  media,  there  are  Interesting  funda¬ 
mental  and  practical  questions  as  to  whether  tuned  laser  radiation  could 
(by  Influencing  the  temperature  or  radical  concentrations)  be  used  for 
improved  control  of  combustion  phenomena,  for  example  In  damping  of 
oscillatory  behavior  or  in  enhancing  Ignition  or  flame  stabilisation  In 
difficult  flows  (e.g.,  supersonic  combustion).  Finally,  we  note  the  need 
for  fundamental  studies  of  radiative  absorption  coefficients  at  very 
high  Intensity  levels,  in  high  temperature  gases,  where  non-linear 
absorption  phenomena  will  become  Important.  We  believe  our  laboratory 
facilities  and  past  experience  with  laser  diagnostics  and  chemical 
kinetics  provide  unique  prospects  for  research  in  this  general  area  of 
laser  Interactions. 

Our  thinking  on  laser  Interactions  with  plasmas,  for  either  pro¬ 
duction  or  perturbation  of  a  plasma.  Is  further  along.  Based  on  a  review 
of  current  literature,  we  believe  that  the  generation  of  plasmas  using 
resonant  laser  excitation  may  provide  a  new  and  efficient  method  for 
creating,  maintaining  and  heating  plasmas.  A  schematic  diagram  high¬ 
lighting  this  Idea  and  Its  attributes  Is  shown  In  Fig.  1.  The  method 
also  provides  a  means  of  studying  fundamental  microscopic  colllsional 
and  radiative  processes  Involved  in  plasma  production  and  needed  In 
modeling  plasma  behavior  In  a  wide  range  of  applications.  Our  literature 
review  suggests  that  limited  experimental  work  has  been  devoted  to  the 
study  of  this  new  class  of  dense  plasma  production  which  provides,  for 
example,  extremely  rapid  heating  rates.  The  fast  changes  In  free  elec¬ 
tron  temperature  achievable  create  the  possibility  of  providing  an 
Intense  source  of  high  frequency  (short  wavelength)  radiation.  Addition¬ 
ally,  the  superelastic  laser  energy  conversion  has  several  potential 
advantages  over  Inverse  bremsstrahlung  Interactions  as  a  means  for 
coupling  laser  energy  into  a  plasma. 

Our  plan  is  to  design  experiments  which  will  identify  and  quantify 
Important  colllsional  and  radiative  Interactions  present  when  a  gaseous 
medium  Is  subjected  to  a  sudden  pulse  of  Intense  laser  radiation  tuned 
to  the  resonance  transition  of  an  atomic  species.  Precise  monitoring  of 


PLASMA  GENERATION  BY  RESONANCE  LASER  EXCITATION 


•  Intense  pulses  of  resonance  laser  radiation  provide  a 
new,  efficient  net hod  for  creating,  maintaining  and 
heating  plasmas 
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•  Superelastic  laser  energy  conversion  presents  several 
advantages  over  inverse  bremsstrahlung  plasma  heating 

•  Extremely  rapid  plasma  heating  is  relevant  to  development 
of  x-ray  lasers 

•  Resonance  excitation  is  well  suited  for  studies  of  funda¬ 
mental  microscopic  colllslonal  and  radiative  processes  in 
plasmas 

•  Technique  relevant  to  production  of  plasma  guld  channels, 
needed  to  transport  charged  particle  beams  in  future 
particle-beam  fusion  reactors 


Fig.  1.  Overview  of  concept  of  plasma  excitation  using  resonance 
laser  radiation. 


the  time-dependent  behavior  of  the  bound  states  of  the  atom,  beginning 
with  the  saturation  in  the  lower  levels  and  extending  through  ionization 
burn  out,  will  provide  an  understanding  of  the  fundamental  physical 
processes  taking  place  in  these  laser-excited  plasmas.  Species  of 
Interest  will  be  atomic  sodium,  argon  or  hydrogen,  heated  in  a  static 
cell,  or  in  a  flowing  system  using  either  microwave  heating  or  our 
induction-heated  plasma  torch.  Laser  sources  will  Include  a  tunable 
pulsed  dye  laser  for  excitation  and  both  a  tunable  cw  and  pulsed  dye 
laser  for  fluorescence-based  detection  of  the  atomic  states  and  plasma 
parameters. 

We  believe  that  fundamental  experiments  of  this  type  offer  potential 
not  only  for  basic  research  on  laser-plasma  dynamics  but  also  for  possi¬ 
ble  applications  of  lasers  for  selective  nonequilibrium  plasma  control 
in  future  energy  conversion  schemes. 
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2*7  lew  Techniques  and  Topics 


The  major  goal  of  the  Stanford  Program  has  been  the  innovation  of 
modern  laser-based  diagnostic  techniques  appropriate  for  the  character¬ 
ization  of  reacting  flows  and  plasmas.  This  program  is  viewed  as  a 
multi-year  effort,  and  as  such  we  focus  a  portion  of  our  effort  each 
year  on  the  preliminary  Investigation  of  new  techniques.  Mew  ideas 
receiving  attention  during  the  past  year  have  included:  (1)  2-d  visual¬ 
ization  (Imaging)  of  pressure  and  vorticity;  (2)  2-d  visualization  of 
CO,  H  and  0  concentrations  using  two-photon  fluorescence;  (3)  laser- 
excited  chemistry  of  high  temperature  gases  and  plasmas;  (4)  laser 
energy  transfer  in  high  temperature  gases  and  plasmas  by  linear  and  non¬ 
linear  absorption;  and  (5)  new  approaches  for  instantaneous  recording  of 
particle  sizes  in  a  plane  (2-d  particle  sizing  by  Intensity).  The  more 
promising  of  these  activities  have  been  incorporated  into  our  current 
research  or  will  form  the  basis  for  new  research  to  be  included  in  our 
next  proposal. 

Areas  in  which  we  are  currently  considering  exploratory  research 
Include  the  following:  (1)  digital  and  optical  processing  of  2-d  (and  3- 
d)  visualization  data  sets;  (2)  alternatives  to  PLIF  for  plasma  diagnos¬ 
tics,  such  as  polarization-sensitive  phenomena;  (3)  further  study  of 
non-linear,  multi-photon  approaches  for  PLIF  imaging;  (4)  laser-surface 
Interactions;  (5)  PLIF  strategies  for  new  species,  such  as  fuel  vapor, 
CO2  and  H2O;  and  (6)  diagnostics  needs  for  supersonic  combustion. 


